Lactococcin Q is a two-peptide (Qa and Qb) bacteriocin produced by Lactococcus lactis QU 4, which exhibits specific antimicrobial activity against L. lactis strains. The lactococcin Q gene cluster (approximately 4.5 kb) was sequenced and found to include genes encoding lactococcin Q immunity (laqC), an ATP-binding cassette transporter (laqD) and a transport accessory protein (laqE), downstream of the lactococcin Q structural genes (laqA and laqB). In addition, the gene cluster showed high sequence identity with that of a lactococcin Q homologue bacteriocin, lactococcin G. Heterologous expression studies showed that LaqD was responsible for lactococcin Q secretion in a manner dependent on LaqE expression, and that LaqC conferred self-immunity to lactococcin Q and cross-immunity to lactococcin G. Amino acid alignment of both lactococcin transporters revealed that LaqD contains an insertion (160-168 residues) that is essential for lactococcin Q secretion, as L. lactis cells that expressed LaqD D160-168 were devoid of this function. Additional experiments demonstrated that the LaqD D160-168 mutant was, however, able to secrete lactococcin G, suggesting that the insertion is necessary only for the lactococcin Q secretion by LaqD. This report demonstrates the biosynthetic mechanism of lactococcin Q/G-type bacteriocins and the complementarity of the genes responsible for the secretion of lactococcins Q and G.
INTRODUCTION
Bacteriocins are antimicrobial peptides synthesized by the ribosome and have a bactericidal or bacteriostatic effect (Klaenhammer, 1993) . Bacteriocin production has been observed in numerous species of bacteria. In particular, many bacteriocins have been isolated from various Gram-positive bacteria, including lactic acid bacteria (Klaenhammer, 1993; Perez et al., 2014) . According to the classification schemes suggested by Cotter et al. (2005) , lactic acid bacteria bacteriocins are divided into two classes: class I bacteriocins, a lantibiotic, post-translationally modified bacteriocin group containing unusual amino acids (Asaduzzaman & Sonomoto, 2009) ; and class II bacteriocins, a group of unmodified peptides consisting of general amino acid residues. Class II bacteriocins are further divided into four subclasses: (i) class IIa consists of bacteriocins that have strong anti-listerial activity and a similar sequence (Drider et al., 2006; Ennahar et al., 2000) ; (ii) class IIb consists of bacteriocins that require two peptides for full antimicrobial activity (Nissen-Meyer et al., 2010) ; (iii) class IIc consists of bacteriocins that have circular structure; and (iv) class IId consists of bacteriocins that do not fit into the other subclasses (Cotter et al., 2005; Iwatani et al., 2011) .
Gene clusters involved in biosynthesis of class II bacteriocins typically contain genes that encode a bacteriocin precursor peptide, an immunity protein, an ATP-binding cassette (ABC) transporter and an accessory protein required for proper bacteriocin externalization (Nes et al., 1996) .
In addition, several gene clusters also have genes that encode regulatory proteins for bacteriocin production. For instance, the biosynthesis of enterocin A is governed by seven genes, such as immunity and ABC transporter genes, in a gene cluster (approximately 10 kb) (O'Keeffe et al. 1999) . Immunity proteins are often localized on the cell membrane and they protect the producer cells from bacteriocin activity. Some immunity proteins, such as lactococcin A and class IIa bacteriocins, bind to the cytoplasmic side of the receptor (mannose phosphotransferase system permease, EII Man ) only when the bacteriocins bind to the receptor (Diep et al., 2007; Nissen-Meyer et al., 2009) . ABC transporters of bacteriocins, such as EntD involved in secretion of enterocin A (O' Keeffe et al. 1999) , have two domains in addition to the transmembrane domain: an N-terminal peptidase domain for the processing of double-glycine type leader peptides and a C-terminal ATP-binding domain necessary for ATP-dependent peptide translocation (Nes et al., 1996) . Previous research has shown that the accessory proteins for several bacteriocins, such as pediocin PA-1 and leucocin A, function cooperatively with their ABC transporters upon bacteriocin secretion (Axelsson & Holck, 1995; van Belkum & Stiles, 1995; Venema et al., 1995) . Recently, Oppegård et al. (2015) showed that the accessory protein of pediocin PA-1 facilitates disulfide bridge formation, and Pal and Srivastava showed that the accessory protein of plantaricin EF and JK is not involved in the cleavage of bacteriocin leader peptides (Pal & Srivastava, 2015) .
Lactococcin G, a typical class IIb (two-peptide) bacteriocin (Fig. 1) , has antimicrobial activity, specifically against strains belonging to Lactococcus lactis (Nissen- Meyer et al., 1992; Zendo et al., 2006) . Two peptides (Ga and Gb) of lactococcin G at an equimolar ratio are needed for its antimicrobial effect, as is the case for the homologous bacteriocin enterocin 1071 (Oppegård et al., 2007a, b) . In addition, the GXXXG motifs in a-helical structures of the two peptides of lactococcin G and other homologous bacteriocins are important for their interaction and antimicrobial activity (Oppegård et al., 2008) .
Furthermore, Moll et al. (1996) suggested that lactococcin G induces the leakage of monovalent cations, such as Na + and K + , leading to the disruption of the membrane. More recently, Kjos et al. (2014) showed that the undecaprenylpyrophosphate phosphatase (termed UppP in L. lactis subsp. lactis IL1403 and BacA in L. lactis subsp. cremoris MG1363) involved in peptidoglycan synthesis is the receptor for lactococcin G.
Previous studies have described the characteristics of the genes within the lactococcin G cluster. For instance, an immunity gene (lagC) has been shown to convey selfimmunity to lactococcin G (Oppegård et al., 2010) . In addition, an ABC transporter gene (lagD) located downstream of lagC has an N-terminal peptidase domain capable of cleaving the leader peptide of lactococcin G as demonstrated by in vitro analysis (Håvarstein et al., 1995) . However, the mechanisms responsible for the secretion of lactococcin G by LagD and its dependency on the LagE transport accessory protein (LagE) are not yet known.
Lactococcin Q (Fig. 1) , a class IIb bacteriocin produced by L. lactis QU 4, has antimicrobial activity only against other L. lactis; this is similar to lactococcin G, which shows high homology to lactococcin Q (Zendo et al., 2006) . Nevertheless, the DNA sequence information for the strain QU 4 is quite limited, and the biosynthetic mechanisms of lactococcin Q remain unclear.
In this study, the gene cluster for lactococcin Q biosynthesis was identified by sequencing analysis and a variety of heterologous expression experiments. In addition, similarities in the biosynthesis of lactococcins Q and G were verified and discussed.
METHODS
Bacterial strains, plasmids and culture conditions. The bacterial strains and plasmids used in this study are listed in -10 -1 1 10 20 30 LaqB MKNNNNNFFKDMEIIEDQELVSITGG KKWGWLAWVEPAGEFLKGFGKGAIKEGNKDKWKNI *************** * ***** * ************************** ** ******* *************** ********* ** ** ******************* LagB MK-NNNNFFKGMEIIEDQELVSITGG KKWGWLAWVDPAYEFIKGFGKGAIKEGNKDKWKNI
Leader peptide
Mature peptide faecalis JCM 5803 T , which served as indicator strains to assess antimicrobial activity, were propagated at, respectively, 30 and 37 uC in MRS medium for 18 h. Escherichia coli DH5a and L. lactis NZ9000 were cultivated in Luria-Bertani (LB) medium at 37 uC and M17 medium with 0.5 % glucose (Nacalai Tesque) (GM17) at 30 uC, respectively. Agar media were prepared by adding 1.5 % (w/v) agar to liquid broth media. Chloramphenicol (Cm; Wako) was added in the selective medium at 30 mg ml 21 (E. coli DH5a) or 10 mg ml
21
(L. lactis NZ9000).
DNA amplification, sequencing and analysis of the lactococcin Q gene cluster. The total genomic DNA of L. lactis QU 4 was extracted from cells treated with lysozyme (Wako) using a MagExtractor -Genome-kit (Toyobo) according to the manufacturer's instructions. PCR and DNA sequencing were performed using specific primers (Table 2 ) designed based on the lactococcin G gene cluster (GenBank/EMBL/DDBJ accession no. FJ938036.1). The primer sets were used to amplify downstream regions of laqA and laqB with Premix Taq (Takara Taq version 2.0; Takara), according to the standard protocol (Sambrook & Russell, 2001 ). The resulting PCR products were directly sequenced.
RNA extraction, cDNA synthesis and reverse transcription PCR (RT-PCR). L. lactis QU 4 was cultivated in MRS medium at 30 uC for 24 h before use. An aliquot (2 %) of the pre-cultures was inoculated into 30 ml MRS medium, and cultivated for 3 h (OD 600 0.7-0.8) at 30 uC. Then, bacterial cells were stored at 280 uC for a few hours. The RNA was extracted using an RNeasy kit (Qiagen) with a modified cell lysis procedure, in which crush beads were used. RNA (5 mg) was treated with DNase I (amplification grade; Life Technologies), and the treated RNA (300 ng) was then employed for reverse transcription using a SuperScript VILO cDNA synthesis kit (Life Technologies). Total cDNA (approximately 200 ng) was used as a template for RT-PCR using the specific primer sets (Table 2) , (i) RT-LaqQ-F1 and RT-LaqQ-R1, and (ii) RT-LaqQ-F2 and RT-LaqQ-R2, in the lactococcin Q gene cluster. Quick Taq HS polymerase (Toyobo) was used for RT-PCR with 30 cycles of denaturation at 94 uC for 30 s, annealing at 52 uC for 30 s and polymerization at 72 uC for 150 s. RT-PCR with the genomic DNA or the extracted total RNA instead of the cDNA served as a positive or negative control, respectively.
Plasmid construction. The plasmids and primers used in this study are listed in Tables 1 and 2 , respectively. Molecular cloning was performed using standard protocols (Sambrook & Russell, 2001 ). KOD -Plus-Ver.2 polymerase (Toyobo) and Quick Taq HS polymerase were used for conventional and colony PCR, respectively, and DNA fragments were purified using Expin PCR SV (GeneAll Biotechnology). A PCR product amplified by specific primers, laqA-F and laqC-R, and covering two structural genes (laqA and laqB) and an immunity gene (laqC), was ligated into the Pst I and Sph I sites (restricted with enzymes from Roche) downstream of the P 32 promoter in pMG36c. The resulting plasmid was termed pLaqA-C. A PCR product with laqC was amplified using specific primers, laqC-F and laqC-R, and ligated into pMG36c as indicated above. The resulting plasmid was termed pLaqC. After digestion and dephosphorylation of pLaqA-C by Sph I and bacterial alkaline phosphatase Mechanism of lactococcin Q biosynthesis and activity (Toyobo), respectively, this fragment was ligated to two PCR products that possess a transporter gene (laqD) and a transport accessory gene (laqE) or laqD only. These PCR fragments were obtained by employing the primer sets laqD-F and laqE-R, and laqD-F and laqD-R, respectively. The resulting plasmids were termed pLaqA-E and pLaqA-D. pLaqA-E-d was constructed from pLaqA-E by inverse PCR using laqD-d-F and laqD-d-R, to delete the DNA sequence from 478 to 504 bp in laqD, corresponding to the insertion. A plasmid termed pLaqABCE was constructed from pLaqA-E by inverse PCR using invdlaqD-F and inv-dlaqD-R. Lactococcin G structural gene (lagA and lagB) and immunity gene (lagC) were artificially synthesized by Life Technologies. A fragment of lagABC amplified by lagA-F and lagC-R was ligated into the Pst I site of pMG36c. In addition, the fragment was also ligated with fragments lacking laqABC prepared by inverse PCR by inv-laqD-F and inv-laqA-R using pLaqA-E and pLaqA-E-d as templates, respectively, to construct pLagA-C-LaqDE and pLagA-C-LaqDE-d. The resulting plasmids were termed pLagA-C, pLagA-C-LaqDE and pLagA-C-LaqDE-d, respectively. pLagC was constructed using lagC-F and lagC-R, as well as pLaqC. These plasmids were first cloned into E. coli DH5a prior to transfer into L. lactis NZ9000.
Bacteriocin secretion assay of transformants. Antimicrobial activity assays were performed by the direct method using the following steps. The transformants were cultivated in 5 ml GM17 medium with 10 mg Cm ml 21 at 30 uC for 24 h before use, and these cultures were used as 1 % inocula for the main culture in fresh 5 ml GM17 medium with Cm at 30 uC for 24 h. Transformant cells were collected, and the optical density of the cells was adjusted (OD 600 10.0) using sterilized water. Then, 10 ml of the cell solutions was spotted onto 10 ml GM17 with 1.5 % agar inoculated with 100 ml culture of the indicator strain. After overnight incubation at 30 uC, the inhibition zones were checked for bacteriocin antimicrobial activity. The activity of bacteriocins was considered as a measure of their secretion. L. lactis IL1403 (sensitive to lactococcin Q), Ent. faecalis JCM 5803
T (resistant to lactococcin Q) and L. lactis QU 4 (resistant to lactococcin Q) were used as indicator strains for these antimicrobial activity assays.
The culture supernatants of transformants were partially purified by acetone precipitation (Zendo et al., 2006) , and then these pellets were dissolved in 500 ml 10 % (v/v) DMSO (Nacalai Tesque) as bacteriocin preparations. The quantification of bacteriocin secretion in transformants with pLagA-C-LaqDE or pLagA-C-LaqDE-d was performed by the spot-on-lawn method (Ennahar et al., 2001) . Briefly, 10 ml of twofold dilutions of a bacteriocin preparation was spotted onto a double layer comprising 5 ml Lactobacilli agar AOAC (BD) inoculated with a 50 ml culture of L. lactis IL1403 as the top layer and 10 ml MRS medium as the bottom layer. After overnight incubation at 30 uC, the bacterial lawns were checked for inhibition zones. The activity titre, expressed in arbitrary activity units (AU) (ml bacteriocin preparation) 21 , was defined as the reciprocal of the highest dilution causing a clear zone of growth inhibition in the indicator lawn.
Self-and cross-immunity assay. The self-and cross-immunity of the transformants were analysed by the agar diffusion assay. The transformants were inoculated in GM17 medium with 1.5 % agar and exposed to 10 ml of a mixture of chemically synthesized a and b peptides of lactococcins Q or G, which contained 500 nM of each a and b peptide of lactococcins Q or G. After overnight incubation at 30 uC, formation of inhibition zones was considered as no self-and cross-immunity against lactococcins Q and G. L. lactis NZ9000 containing pMG36c was used as a negative control. The flanking patch assay (Bennallack et al., 2014) was performed by growing L. lactis QU 4 for 18 h at 30 uC before patching alongside it the indicator strains, which were L. lactis NZ9000 with 36c, pLaqC and pLagC. These strains were incubated for a further 18 to 24 h before assessment of resistance or sensitivity.
DNA sequencing and computer analysis of DNA sequences.
DNA sequencing was carried out by Fasmac. The obtained DNA 
RESULTS

DNA sequencing and database searching
The result of DNA sequencing revealed that the lactococcin Q gene cluster (approximately 4.5 kb in length) included five ORFs (Fig. 2a) , and exhibited high identity to the lactococcin G gene cluster (Fig. 2b) . In the lactococcin Q gene cluster, the only putative promoter was found upstream of laqA, suggesting that the promoter governs all the five The structural and immunity genes for lactococcins Q (a) and G (b) are indicated by black and grey arrows, respectively. laqD (lagD) and laqE (lagE) encode an ABC transporter and a transport accessory protein, respectively. Lactococcin Q biosynthesis is shown as the proposed model (c). The structural genes (laqA and laqB) that encode the precursors of lactococcin Q, which consists of two peptides (Qa and Qb), are transcribed and translated. These peptides are secreted by the ABC transporter (LaqD), which has a peptidase domain (PED) and an ATP-binding domain (ABD), through a support mechanism by the transport accessory protein (LaqE), coincidentally with cleavage of the leader peptides. An immunity protein (LaqC) provides the producer cells with the self-immunity to lactococcin Q, which may interact with lactococcin Q via a similar receptor to lactococcin G.
genes in the cluster. In fact, the region of laqA-laqE was presumed to be a transcriptional unit based on transcriptional analysis (Fig. 3) . A database analysis predicted the functions of the obtained ORFs, which are listed in Table 3 . The putative lactococcin Q immunity gene (termed laqC) found downstream of laqB showed 98 % identity to lagC of L. lactis LMGT 2081 (lactococcin G producer). laqD and laqE were located downstream of laqC and showed 97 and 98 % identities to lagD (an ABC transporter) and lagE (a transport accessory protein), respectively. These results suggested that the obtained genes are responsible for lactococcin Q biosynthesis. Further in silico analysis revealed that the N-terminal region of LaqD (encoded by laqD) contained a putative peptidase domain, similar to other ABC transporters (Håvarstein et al., 1995; Nes et al., 1996) . The amino acid residues of LaqD from 160 to 168 were absent in LagD (Fig. 4) .
Identification of genes responsible for secretion of lactococcin Q
The plasmids containing the various genes were introduced into a heterologous host strain, L. lactis NZ9000, and the resulting transformants were tested for antimicrobial activity. While the transformant with pLaqA-E showed antimicrobial activity, the transformants lacking either laqD or laqE showed no activity (Fig. 5 ). In addition, the transformant lacking both laqD and laqE showed no activity. These results indicated that two peptides (Qa and Qb) are secreted by the dedicated ABC transporter (LaqD), and that LaqD requires the transport accessory protein (LaqE) for the cooperative secretion mechanism. The transformant with pLaqA-E showed no activity against lactococcin Q-resistant strains, Ent. faecalis JCM 5803 T and L. lactis QU 4 (Fig. 6) , suggesting that the antimicrobial activity of the transformant with pLaqA-E was caused by lactococcin Q. The plasmid lacking the insertion (residues 160 to 168 of LaqD) was constructed (pLaqA-E-d) and introduced into the host strain, but the transformant showed no activity (Figs 5 and 6 ).
Characterization of the immunity protein for lactococcin Q
In order to characterize the function of the putative immunity gene laqC, an immunity assay was performed with the transformants in L. lactis NZ9000 expressing laqC. As a result, the transformant with pLaqC exhibited Table 2 . M, DNA marker (1 kb DNA ladder; Takara); P, positive control (genomic DNA as a template); C, cDNA template; N, negative control (extracted total RNA as a template). DPer cent identity to the biosynthetic proteins of lactococcin G. dNumber of putative transmembrane helices as predicted using TMHMM server version 2.0. §Only the best matches are shown.
self-immunity to lactococcin Q (Figs 5 and 7, pLaqC) , whereas the transformant with pMG36c as a negative control showed no self-immunity (Figs 5 and 7, pMG36c). In addition, each transformant that expressed laqC showed self-immunity to lactococcin Q (Fig. 5) . Further self-immunity assays showed that the MIC of lactococcin Q against the transformant with pLaqC was higher than 10 mM (data not shown).
Secretion of lactococcin G by LaqD
Previous research has shown that the precursors of lactococcin Q exhibit high identity to those of lactococcin G (Zendo et al., 2006) . To analyse secretion compatibility of lactococcin G by laqD and laqE in the lactococcin Q gene cluster, the transformant expressing lagA, B and C, lactococcin G precursors and the immunity protein, in addition to laqD and laqE, was constructed and tested for antimicrobial activity. This transformant showed antimicrobial activity against L. lactis IL1403 but no activity against Ent. faecalis JCM 5803 T , a strain resistant strain to lactococcins Q and G (Figs 5 and 6 ), suggesting that LaqD is able to secrete lactococcin G. In addition, the transformant with pLagA-C was not able to secrete lactococcin G (Fig. 5) . Interestingly, the transformant with pLagA-C-LaqDE-d expressing LaqD D160-168 showed the activity of lactococcin G against the indicator strain (Figs 5 and 6) as in the case of the transformant with pLagA-C-pLaqDE. Moreover, effects of the insertion (160-168 residues) of LaqD on lactococcin G secretion were evaluated by antimicrobial activity assay of the transformants (pLagA-C-LaqDE and pLagA-CLaqDE-d). Interestingly, the lactococcin G secretion level with LaqD (25 600 AU ml
21
) was higher than that with LaqD D160-168 (3200 AU ml 21 ), which has 99 % identity to LagD. This result indicated that the insertion also facilitates secretion of lactococcin G.
Cross-immunity of LaqC against lactococcin G
The immunity gene (laqC) of lactococcin Q showed high identity to lagC in the lactococcin G gene cluster, as described above. Thus, cross-immunity of the transformant with laqC against lactococcin G was assayed. LaqC showed cross-immunity to lactococcin G (Fig. 5, pLaqC) , and each transformant expressing laqC showed cross-immunity. In addition, the transformant possessing lagC showed cross-immunity to lactococcin Q (Fig. 5, pLagC) . The cross-immunity of LagC to lactococcin Q was also confirmed by flanking patch assay (Fig. 7) .
DISCUSSION
In this study, the sequence of the lactococcin Q gene cluster was determined, and the approximately 4.5 kb long gene cluster contains genes required for immunity and secretion. This report demonstrated the biosynthesis of lactococcin Q using heterologous expression.
Lactococcin Q is secreted by LaqD, which requires an accessory protein, LaqE (Fig. 5) . In general, accessory proteins are known as supporter proteins for bacteriocin secretions (Nes et al., 1996) . However, the specific role of accessory proteins in bacteriocin secretion is not fully understood. Previous studies have revealed that several bacteriocin-producer strains require accessory proteins for bacteriocin secretion. For example, the secretion of some bacteriocins, sakacin A, leucocin A and pediocin PA-1, as well as a bacteriocin-like competence stimulating peptide (CSP), requires their cognate accessory proteins, SapE, LcaD, PedC and ComB, respectively (Axelsson & Holck, 1995; van Belkum & Stiles, 1995; Venema et al., 1995; Petersen & Scheie, 2000; Li et al., 2002) . As in the cases of several accessory proteins, our results indicated LaqE is essential and has a cooperative function with LaqD for bacteriocin secretion. The lactococcin G gene cluster (GenBank/EMBL/DDBJ accession no. FJ938036.1) includes two genes (lagD and lagE), encoding an ABC transporter and an accessory protein, respectively, but the experimental demonstration using heterologous expression of these genes has not yet been performed. Our results imply that lactococcin G is secreted by LagD and LagE, which exhibit high sequence identity to respective biosynthetic proteins of lactococcin Q, LaqD and LaqE. While LaqD of lactococcin Q shows high homology to LagD of lactococcin G, LaqD contains an insertion that extends between residues 160 and 168 (Fig. 4) . Heterologous expression studies showed that LaqD D160-168 and LagD were able to secrete lactococcin G, but not lactococcin Q (Figs 5 and 6 ). Therefore, it could be suggested that the insertion has an effect on the function of LaqD and facilitates the recognition of lactococcin Q. According to the alignment of lactococcins Q and G, lactococcin Q has high identity to lactococcin G (Fig. 1) . However, these lactococcins differ from each other in several amino acid residues, which may influence recognition by LaqD. Many ABC transporters involved in bacteriocin secretion have been found, and some of the dedicated transporters have been characterized by The cloning fragments (laqABC) of the biosynthetic genes of lactococcin G, which are indicated as black arrows, were also cloned into pMG36c. Bacteriocin production (Bac) is correspondingly denoted as + and 2 for positive and negative productions against L. lactis IL1403 as an indicator strain, respectively. Self (cross)-immunity (Imm) is correspondingly denoted as + and 2 for resistant and sensitive to lactococcins Q (LaqQ) and G (LagG), which was assayed with 500 nM of each a and b synthetic peptide.
heterologous expression as in the case of our study (Axelsson & Holck, 1995; Ishibashi et al., 2014; van Belkum & Stiles, 1995; Venema et al., 1995) . However, the structural analyses of those transporters have not been reported. Further structural studies may unravel the mechanisms of their specific secretion ability.
The lactococcin Q gene cluster contains a putative immunity gene (laqC), and our results suggest that LaqC contributes to self-and cross-immunities to lactococcins Q and G, respectively (Figs 5 and 6) . Recently, UppP/BacA has been found to be the receptor for lactococcin G and is presumed also to be the receptor for lactococcin Q (Kjos et al., 2014) . In addition, the regions including the N-terminal end of lactococcin Ga (residues 1 to 13) and the C-terminal part of lactococcin Gb (residues 14 to 24) were identified as recognition regions by LagC. Furthermore, it has been proposed that the immunity protein interacts with lactococcin G via a receptor in an analogous manner to the immunity proteins for the pediocin-like bacteriocins (Oppegård et al., 2010) . Therefore, since LaqC shows 98 % identity to LagC, it is suggested that LaqC functions in the same way as LagC to protect the receptors from lactococcin Q activity.
In this study, we have demonstrated that the biosynthesis (secretion and immunity) of lactococcin Q is governed by five genes, namely, laqA, laqB, laqC, laqD and laqE (Fig. 2c) . This is believed to be the first report that has characterized the biosynthesis of lactococcin Q/G-type bacteriocins, and demonstrated that the lactococcin G biosynthetic genes can be complemented by those of lactococcin Q, further suggesting that this kind of bacteriocin shares similar biosynthetic and action mechanisms. LaqC QU 4 QU 4
LagC QU 4 Fig. 7 . The flanking patch assay for cross-immunity of LaqC and LagC against lactococcin Q. L. lactis QU 4 (lactococcin Q producer; QU 4) and L. lactis NZ9000 with pMG36c (36c), pLaqC (LaqC) and pLagC (LagC) were used for the flanking patch assay.
